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INTRODUCTION
The Potomac-Raritan-Magothy aquifer system is the most productive source of ground water in the northern Coastal Plain of New Jersey. The aquifer system consists of the lower, middle, and upper aquifers and the confining units that separate them; the lower aquifer is not mappable in the study area (Zapecza, 1989, pi. 3 and 6) . These units correlate with the hydrogeologic units established by the U.S. Geological Survey's Northern Atlantic Coastal Plain Regional Aquifer-System Analysis (RASA) project (Zapecza, 1989) .
The middle and upper aquifers of the Potomac-Raritan-Magothy aquifer system are the major sources of ground water in Middlesex and Monmouth Counties. Ground-water withdrawals have resulted in the development of cones of depression that extended 91 ft below sea level in the middle aquifer and 59 ft below sea level in the upper aquifer in 1983 (Eckel and Walker, 1986, p. 16 and 25) . Large withdrawals also have caused local saltwater intrusion into the aquifers. Chloride concentrations as high as 950 mg/L (milligrams per liter) in the middle aquifer and 660 mg/L in the upper aquifer were measured in 1977 (Schaefer, 1983, p. 12 and 22) .
The U.S. Geological Survey, in cooperation with the New Jersey Department of Environmental Protection (NJDEP), currently is assessing the ground-water resources of the northern Coastal Plain of New Jersey. This investigation is funded by the New Jersey Water Supply Bond Issues of 1981 and . The purpose of the investigation is to collect and analyze hydrogeologic data in order to better understand the dynamics of the Potomac-Raritan-Magothy aquifer system. This report describes the results of the initial phase of this investigation, which focused on the hydrogeologic framework of the aquifer system.
Purpose and Scope
This report defines the hydrogeologic framework of the Potomac-RaritanMagothy aquifer system in parts of Mercer, Middlesex, and Monmouth Counties. The framework is described by means of a series of structure-contour maps, thickness maps, and hydrogeologic sections. Physical characteristics and boundaries of the hydrogeologic units are presented in tables. Geophysical and drillers' logs that provided control data fbr this investigation are compiled in Gronberg and others (1989) . The results of this study have been used to develop a hydrologic model of the aquifer system that simulates its response to various hydrologic stresses (Pucci and others, in press).
Location and Extent of the Study Area
The study area is located in east-central New Jersey and comprises the northern part of the Coastal Plain physiographic province in New Jersey ( fig. 1 ). It covers about 820 mi 2 in parts of Mercer, Middlesex, and Monmouth Counties in New Jersey, and Queens and Richmond Counties in New York. The study area extends from the Fall Line (the northwestern extent of the Coastal Plain sediments) in the west to the Atlantic Ocean in the east, and includes Raritan Bay.
Previous Investigations
The hydrogeology and ground-water resources of the northern Coastal Plain in New Jersey have been studied since the late 1800's. The earliest work in the area was done by the New Jersey Geological Survey (NJGS) Woolman (1889 Woolman ( -1902 reported on the artesian wells in New Jersey, presenting geologic and hydrologic information obtained frbm drillers and well owners, and making major contributions"to the early description and correlation of the water-bearing units. Knapp (1903) describe^ the structural features and presented a generalized structure map of the Coastal Plain of New Jersey. Kummel and Poland (1909) renamed the water-bearing horizons of the inner Coastal Plain. Epstein (1986) chronologically outlined the steps taken by the NJGS to study the aquifers of the Coastal Plain as part of an effort to ensure an adequate water supply for the area. Several more recent investigations have focused on the stratigraphy and deposition of the Coastal Plain sediments. Owens and Sohl (1969) attributed the Cretaceous and Tertiary sediments in New Jersey to deposition in shelf and deltaic environments. Owens and Sohl (1969) and Olsson (1975) described the lithology of the New Jersey Coastal Plain sediments and discussed the deposition of the formations as a result of transgressive-regressive cycles. Owens and others (1977) discussed the $edimentary features and mineral content of the various formations that crop out in New Jersey, Delaware, and Maryland. Owens and Gohn (1985) related the Cretaceous sediments of the Atlantic Coastal Plain to six depositional sequences and described the paleoenvironments in which the deposition occurred.
Additional studies have concentrated on the ground-water resources of the major aquifers of the Coastal Plain. Barksdale (1937) reported on the geology and the water-resource potential of the No. 1 sand (Farrington Sand Member of the Raritan Formation) near $ayreville and Parlin in Middlesex County. Barksdale and others (1943) discussed the water-resource potential of the major aquifers in Middlesex County. Jablonski (1959, 1960, and 1968) collected lithologic information from large-capacity wells in Monmouth County and discussed the characteristics of the major aquifers in Monmouth County. Kasabach and Scudder (1961) presented logs from deep wells in the New Jersey Coastal Plain. Appel (1962) described the intrusion of saltwater into the Farrington and Old Bridge Sand Members of the Raritan Formation and presented logs from wells in the vicinity of South River.
Gill and Farlekas (1976) presented structure-contour maps of the bedrock surface, the Potomac-Raritan-Magothy aquifer system, and the overlying confining unit. Farlekas (1979) discussed the geohydrologic characteristics of, and simulation of ground-water flow in, the Farrington aquifer in Middlesex and Monmouth Counties. He also presented structure-contour and thickness maps of the Farrington aquifer and the overlying hydrogeologic units. Pucci (1986) summarized the available information on the hydrogeology of Raritan Bay and the occurrence of saltwater intrusion in the Farrington and Old Bridge aquifers in Middlesex and Monmouth Counties. Zapecza and others (1987) presented ground-water-withdrawal data and historic water-level data for the New Jersey Coastal Plain. Zapecza (1989) described the hydrogeologic framework of the Coastal Plain in New Jersey by using contour and thickness maps of each major aquifer, thickness maps of each confining unit, and numerous hydrogeologic sections. Martin (in press) reported on the simulation of flow in the major aquifers of the New Jersey Coastal Plain.
Well-Numbering System
The well-numbering system used in system used by the U.S. Geological first part of the number is a two- The Coastal Plain of New Jersey is underlain by unconsolidated deposits of clay, silt, sand, and gravel that rest unconformably on Precambrian and lower Paleozoic bedrock (table 1) (Zapecza, 1989, p. B5) . The sediments form a wedge-shaped mass that strikes northeast-southwest and dips to the southeast. In east-central New Jersey the thickness of these deposits, which range in age from Late Cretaceous to Holocene (Zapecza, 1989, p. B5) , varies from a featheredge along the Fall Line to greater than 1,000 ft in southeastern Monmouth County.
Triassic sedimentary rocks underlie the unconsolidated sediments locally in Middlesex and Mercer Counties. A thick diabase sill of Jurassic age (Palisades sill) is intruded into the Triassic sequence (Farlekas, 1979, P. 7).
Three tectonic features--the Raritan embayment, the South New Jersey uplift, and the Salisbury embayment--dominate the basement topography beneath the Coastal Plain in New Jersey ( fig. 2) . The Raritan embayment, centered in the Raritan Bay area, is the main structural feature in the northern New Jersey Coastal Plain. These structural features directly influenced the deposition of the Coastal Plain sediments (Owens and Sohl, 1969, p. 237) . In general, individual units are thicker in the embayment areas and depositional-facies changes are common between adjacent tectonic features (Olson, 1978, p. 941) . Conversely, the uplift or high areas show thinner sequences or absence of units (Owens and Gohn, 1985, p. 26) .
The Potomac Group of Early and Late Cretaceous age comprises the oldest sediments deposited on the basement surface in the New Jersey Coastal Plain. These sediments consist of alternating clay, silt, sand, and gravel (Zapecza, 1989, p. B5 ) and indicate continental deposition by meandering streams (Owens and Gohn, 1985, p. 41) . Although the individual formations of the Potomac Group are mappable outside New Jersey, the Potomac Group sediments are considered to be a single unit in New Jersey because the boundaries of the individual formations are inconsistent (Owens and others, 1977, p. 7) .
The overlying Raritan Formation consists of the Raritan fire clay, the Farrington Sand Member, the Woodbridge Clay Member, the Sayreville Sand Member, and the South Amboy Fire Clay Member (in ascending order) (table 2). The sediments of the Raritan Formation represent a wide variety of depositional conditions indicative of deposition in a subaerial deltaic plain (Owens and Sohl, 1969, p. 239) . Along the coast, the Raritan Formation was deposited in a predominantly marine environment (Perry and others, 1975, p. 1535) . Sand, quartz and glauconite, fine-to coarse-grained.
Clay, silty and sandy, glauconitic, green, gray and brown, fine-grained quartz sand.
Sand, quartz, gray and green, fine-to coarsegrained, glauconitic, and brown clayey, very fos»iliferous, glauconite and quartz calcarenite.
Sand, clayey, qlauconitic, dark green, fine to coarse-grained.
Sand, quartz, and glauconite, brown and gray, fine-to coarse-grained, clayey, micaceous.
Sand, clayey, silty, glauconitic, green and black, medium-to coarse-grained.
Sand, quartz, brown and gray, fine-to coarse-grained, slightly glauconitic.
Sand, very fine-to fine-grained, gray and brown, silty, slightly glauconitic.
Clay, silty, dark greenish gray, glauconitic quartz sand.
Sand, quartz, tan and gray, fine-to mediumgrained; local clay beds.
Clay, gray and black, micaceous silt.
Clay, glauconitic, micaceous, gray and black: locally very fine-grained quartz and glauconitic sand. A major aquifer along the coast.
Poorly permeable sediments.
Yields moderate quantities of water.
Yields small to moderate quantities of water in and near its outcrop area.
Yields small quantities of water in and near its outcrop area.
A major aquifer.
A leaky confining unit.
A major aquifer. Two sand units in Monmouth and Ocean Counties.
A major confining unit. Locally the Merchant vi I le Formation may contain a thin water-bearing sand.
A major aquifer system. In the northern Coastal Plain the upper aquifer is equivalent to the aquifer is equivalent to the Farrington aquifer. In the Delaware River Valley three aquifers are surface, units below the upper aquifer are undifferentiated.
Ho wells obtain water from these consolidated rocks, except along Fall Line.
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Generalized boundary between structural features Where present, the Raritan fire clay is a massive, multicolored clay that appears to form a gradational contact with the saprolite overlying consolidated bedrock (Ries and others, 1904, p. 192) . The Farrington Sand Member is characterized by sand, gravel, and lenses of clay. The Woodbridge Clay Member is composed of micaceous silts and clays with woody fragments and siderite concretions. The marine fossils present in this unit indicate that the Woodbridge Clay Member was deposited in marginal-marine swamps (Owens and Sohl, 1969, p. 239) .
Overlying the Woodbridge Clay Member is the Sayreville Sand Member, a light-colored, cross-stratified, medium-grained (sand with interbeds of light-to dark-colored clayey silt (Owens and others, 1977, p. 16) . The cross-stratification suggests deposition in river channels, possibly as point bars (Owens and Sohl, 1969, p. 239) . The South Amboy Fire Clay Member is similar to the Woodbridge Clay Member but lacks siderite concretions and marine fossils (Owens and Sohl, 1969, p. 239 ).
The Magothy Formation, which lies unconformably on the Raritan Formation, includes the Old Bridge Sand Member, the Amboy Stoneware Clay Member, and the Morgan and Cliffwood beds. The Magothy Formation consists largely of coarse beach sand and associated marine and lagoonal sediments (Perry and others, 1975, p. 1535) . Cross-stratification of the Old Bridge Sand Member suggests possible deposition in riveir channels (Owens and Sohl, 1969, p. 239) . The Amboy Stoneware Clay Member that contains lenses of white to pale-blue clay. interbedded clay, silt, and sand that lie unconformably on the Amboy Stoneware Clay Member. These beds grade laterally into cross-stratified sand. The Cliffwood beds range from a light-gray clayey silt to very fine sand.
The Merchantville Formation lies unconformably on the Magothy Formation (Owens and Sohl, 1969, p. 242 ). This marine deposit, which consists chiefly of interstratified, massive, thick glauconite sand and thinly bedded, very micaceous, carbonaceous clayey silt (Owens and Sohl, 1969, p. 242) , is the oldest glauconite unit that crops out in the New Jersey Coastal Plain.
The Merchantville Formation grades upward into the Woodbury Clay. The is a dark, micaceous silt
The Morgan beds consist of gradational contact marks the transitional area minor constituent and clay is a major constituent (Owens and others, 1977, p. 31) . The Woodbury Clay is a thick, massive, above which glauconite is a clayey silt. The calcareous fauna present in the formation indicate deposit].on in a marine environment (Owens and Sohl, 1969, p. 243) .
METHODS OF INVESTIGATION
Correlation of Units
Most regional subsurface mapping in the New Jersey Coastal Plain has been based on formal geologic (rock-stratigraph:.c) and chronologic (timestratigraphic) units that were defined by litho^.ogic and biostratigraphic correlations of well samples (Zapecza, 1989, p. B7) . This report focuses on the hydrogeologic units--the aquifers and confining units--rather than on geologic units. This approach is necessary because hydrogeologic boundaries commonly do not coincide with geologic or chronologic boundaries; a geologic formation may act as an aquifer in one area and a confining unit in another, or an aquifer may be composed of several geologic formations (Zapecza, 1989, p. B7) .
In this report, hydrogeologic units are defined on a regional scale. The location and extent of these units are influenced by many factors, including rates of retreat or advance of the sea, uplift of the continental surface, amount and type of material transported, and depositional environment. In addition, erosion and compaction can affect sediments after deposition. Minor fluctuations in any of these or other factors can change the location, extent, and type of sediment deposited. Although irregularities in the surfaces and thicknesses of the hydrogeologic units are indicated by the data, these variations are viewed as local anomalies and are not included in the regional maps.
Sources of Data
The hydrogeologic framework presented in this report was interpreted on the basis of information from several sources. Geophysical and drillers' logs from more than 1,500 sites were obtained from various government and private agencies and were reviewed for lithologic information. In addition, a drilling program was conducted in cooperation with the NJGS to add lithologic information in areas where data were scarce. Details of the datacollection phase of the project are presented in Gronberg and others (1989).
Geophysical and drillers' logs from 267 sites were chosen to represent the data collected and were used as control points for the description of the framework. Most of the available lithologic data are from the northwest part of the study area, where the Potomac-Raritan-Magothy aquifer system is shallower. Interpretation of several surface-geophysical lines by the New Jersey Department of Environmental Protection (S. Sandberg, New Jersey Department of Environmental Protection, written commun., 1987) supplemented the coverage of the outcrop areas. In addition, a recent interpretation of the Coastal Plain sediments in Raritan Bay (E.P. Declercq, formerly with U.S. Geological Survey, written commun., 1987) extended the framework description into the Bay area.
All wells and test boreholes from which geophysical and drillers' logs were used in this report are part of the U.S. Geological Survey Ground-Water Site Inventory (GWSI) data base. The GWSI data base provides a means for storing and retrieving data such as well-construction information, water levels, and well locations. Selected geophysical and drillers' logs are presented in Gronberg and others (1989) .
Geophysical and Geologic Logs
Two types of geophysical logs--electric and gamma-ray--were used to interpret the hydrogeologic framework. Electric logs are dual-track logs that consist of the spontaneous-potential (SP) curve on the left and a single-point resistance curve on the right. The spontaneous-potential curve records changes in voltage caused by electrochemical reactions that develop between the borehole fluid and the surrounding formation materials (Keys and McCary, 1971, p. 24) . In general, sands cause a deflection to the left (negative) and clays cause a deflection to the right (positive); however, if the borehole mud is more saline than the formation water, reversals of the SP curve can occur. The single-point resistance curve records the electrical resistance of the formation materials. Sand and gravel usually are more resistant to the flow of electric current and cause a deflection to the right, whereas silt and clay are less resistant and cause a deflection to the left.
Gamma-ray logs record the rate of gamma-ray emission from the formation. Clay usually shows higher natural gamma activity than clean quartz sand and carbonates. Therefore, clay causes a deflection to the right, representing higher gamma radiation, and sand and gravel cause deflections to the left. Keys and MacCary (1971) describe the thesory and application of borehole geophysical logging and the interpretation of the resulting logs, and discuss additional factors that must be considered when interpreting geophysical logs.
The gamma-ray and electric logs used in this study possess the characteristic markings that indicate the contacts between aquifers and confining units. These contacts were found to be distinctive and traceable over large distances.
Drillers' or geologic logs are descriptions of drill cuttings or samples. Davis and BeWeist (1966) describe the recording of these logs and cite various considerations related to l:he collection and interpretation of these logs. Although drillers' logs frequently are less reliable and more difficult to interpret than geophysical!logs, they were used in this study to extend the framework description to ^reas where geophysical logs were not available.
HYDROGEOLOGIC FRAMEWORK
The sediments of the Potomac Group and the Raritan and Magothy Formations make up the Potomac-Raritan-Magothy aquifer system (table 1) . This aquifer system is divided into lower, middle, and upper aquifers separated from each other by confining mits (Zapecza, 1989, p. BIO) . In the study area, however, this aquifer .system consists only of the middle and upper aquifers; the lower aquifer is not mappable (Zapecza, 1989, pi. 3 and 6) . In the northern part of the study area, the sediments of the Raritan and Magothy Formations have been subdivided into nine distinct units on the basis of economic importance (Ries and others, 1904, p. 166; Barksdale and 3). The lithologic subdivision of others, 1943, p. 18; Zapecza, 19t89, fig . the Raritan and Magothy Formations and Itiydrogeologic units in and near the outcrop area are shown in table 2. Locally, the .middle aquifer is known as the Farrington aquifer, and the upper aquifer is known as the Old Bridge aquifer (Farlekas, 1979) . In downdip parts of the study area, particularly in Monmouth County, large thicknesses of sediments below the confining unit overlying the middle aquifer remain undifferentiated.
The Potomac-Raritan-Magothy aquifer confining unit composed of the Clay, and is underlain by pre-Cretaceous mainly of Precambrian and Lower Line, Triassic-age siltstones and present. The hydrogeologic framework of the Potomac-Raritan-Magothy aquifer system is described by means of a series of structure-contour maps, thickness maps, and hydrogeologic sections. Plate 1 shows the well and test-borehole locations, the types of logs used, and the locations of the hydrogeologic sections. Plate 2 shows a number of hydrogeologic sections through the aquifer system. Sections A-A' through E-E' (pi. 2a-2e) are located approximately along dip, whereas sections F-F' and G-G' (pi. 2f-2g) are located approximately along strike. Table 3 (a and b) summarizes available information on the wells and test boreholes and on the tops and bases of each aquifer, respectively.
Formation outcrops shown on the hydrogeologic maps were modified from those compiled by J.P. Owens (U.S. Geological Survey, 1967). Because hydrogeologic units usually consist of only the sandy or clayey parts of specific geologic formations, the formation outcrop areas shown on the structure-contour maps do not always coincide with the outcrop areas of the hydrogeologic units. However, the outcrop areas generally can be used to estimate* updip limits of aquifers and confining units and to approximate lines of zero thickness (Zapecza, 1989, p. B8) . In the northern Coastal Plain of New Jersey, outcrops of the Farrington Sand Member of the Raritan Formation and the Old Bridge Sand Member of the Magothy Formation (Barksdale and others, 1943, p. 21) , generally coincide more closely with the aquifer outcrops. The hydrogeologic unit boundaries shown in the hydrogeologic sections were extended to land surface by using the geologic formation boundaries as a guide and are approximate.
Middle Aquifer
The middle aquifer is composed of the Farrington Sand Member of the Raritan Formation in most of the northern Coastal Plain of New Jersey (table  2) . It also includes younger surficial sand and gravel at or near the outcrop (Farlekas, 1979, p. 8) . Locally in Monmouth County it also can include the uppermost sands of the Potomac Group (Farlekas, 1979, p. 9) . The middle aquifer is characterized by fine to course sand with lignite and pyrite (Farlekas, 1979, p. 8 ) that locally contains clay beds (Barksdale and others, 1943, p. 104-105) .
The middle aquifer usually can be identified by the thick and continuous confining unit that lies above it. Identification of the top of the aquifer is difficult where the confining unit is sandy or contains many sandy layers.
The lower boundary of the middle aquifer is marked by the top of the underlying confining unit. In the study area, the composition of the confining unit underlying the middle aquifer varies with location. Locally, in updip parts of the study area, in Mercer and Middlesex Counties, this confining unit can consist of the Raritan fire clay, pre-Cretaceous bedrock, and saprolitic clay. Where present, the fire clay is a massive, multicolored clay that grades transitionally into the saprolitic clay that rests on bedrock (Ries and others, 1904, p. 192) . In downdip areas of Monmouth County, the confining unit underlying the middle aquifer is composed primarily of fine-grained sediments of the Potomac Group. 1 To maintain consistent terminology, the aquifer-system name commonly used throughout New Jersey is used in this report. The lower aquifer is not mappable within the study area.
Differentiation of the aquifer from great thicknesses of underlying sediments within the Potomac Group and Raritan Formation solely on the basis of geophysical data is difficult (Zapecza, 1989, p. fill) , especially southeast of Freehold Township. The geophysical logs from well 25-566 (pi. 2, section D-D') show that the undifferentiated sediment in the Potomac-Raritan-Magothy aquifer system is greater than 200 ft thick.
Plate 3 shows structure contours of the top of the middle aquifer. In general, the strike is northeast-southwest and the dip is approximately 60 ft/mi to the southeast. Structure contours of the top of the middle aquifer in Raritan Bay are modified from E.P. Declercq (formerly with U.S. Geological Survey, written commun., 1987).
The thickness of the middle aquifer is shown on plate 4. In general, the thickness contours run along strike. In most places, the aquifer is less than 150 ft thick, but it is thicker near East Windsor, where it has a maximum known thickness of 168 ft (at well 21-13). In the Raritan Bay area the middle aquifer is thin, ranging from 33 ft thick (at well 25-299 in Aberdeen Township) to 81 ft thick (at well 25-565 in Union Beach Borough).
In several areas, the middle aquifer is thin or absent, possibly as a result of post-depositional erosion. During Pleistocene glaciation, when sea level was lower than it is at present, the Raritan River cut a channel to or almost to bedrock from the mouth of Lawrence Brook to Perth Amboy. Sediments ranging in size from sand and gravel to relatively impermeable river mud filled the channel as sea level rose. Where present, this mud restricts the hydraulic connection between the part of the aquifer that is north of the river and the part that is south of the river (Barksdale, 1937, p. 3-7; Farlekas, 1979, p. 8) . Additionally, the presence of a ridge of trap rock (an extension of the Palisades diabase sill) may have prevented deposition of the Farrington Sand Member of the Raritan Formation (Barksdale, 1937, p. 6-7) . Examination of drillers' logs of the area shows that the aquifer is absent just south of the Raritan River between Sayreville and South Amboy (pi. 2b).
Along the Washington Canal in Sayreville Borough, the alluvium that once lined the channel was dredged, leaving the middle aquifer exposed to the brackish water (Barksdale, 1937, p. 9) . In other areas, such as the southwestern part of the outcrop near West Windsor and Plainsboro, the overlying confining unit thins, is absent, or becomes sandy, leaving the aquifer exposed or in connection with the overlying sediments and increasing its thickness.
Confining Unit Overlying the Middle Aquifer
The confining unit overlying the middle aquifer is composed mainly of the Woodbridge Clay Member of the Raritan Formation. Locally, the confining unit also may include the clayey lithofacies of the overlying Sayreville Sand Member and the South Amboy Fire Clay Member of the Raritan Formation (Farlekas, 1979, p. 16 ). This unit is characterized as a thick, continuous unit of clay and silt. Southeast of the outcrop area, the thickness of the confining unit exceeds 100 ft in most areas (pi. 5). In Holmdel Township, in the northeastern part of the study area, this unit thickens to 241 ft (at well 25-145).
In the southwestern part of the study area, the sand content of the confining unit increases, and its thickness generally is less than 100 ft. The sand content of the confining unit increases near Dayton, in South Brunswick Township. Farther downdip, the confining unit thins to 39 ft (at well 23-553). Section E-E' (pi. 2e) illustrates this transition from a thick, sandy confining unit to a thin, finer-grained confining unit. The confining unit is thinnest (26 ft) to the southwest (at well 23-25). Drillers' logs and surface geophysical data indicate that the confining unit again becomes sandy near the Middlesex-Mercer County line (S. Sandberg, New Jersey Department of Environmental Protection, written commun., 1987).
The change in thickness and lithology of tphis confining unit may be the result of one or a combination of depositiona]. and post-depositional factors. One such factor is the influence of the basement structure on the deposition of the sediments. Proximity to a junction of the basement tectonic features may have caused a thinning of the unit or a change in the lithology of the sediments (Owens and Sohl, 1969, p. 237; Owens and Gohn, 1985, p. 26) . Alternatively, the absence of the confining unit can be attributed to a post-depositional process. Reworking of the sediments may be associated with the ancestral Hudson River or one of its tributaries (Owens and Minard, 1979, p. D19).
Upper Aquifer i
The upper aquifer is the most extensive unit of the Potomac-RaritanMagothy aquifer system (Zapecza, 1989, p. Bll) . The upper aquifer is composed of the Old Bridge Sand Member of the Magothy Formation (table 2) . Where the South Amboy Fire Clay Member is thi:a or absent, it also includes the Sayreville Sand Member of the Raritan Formation and the overlying younger surficial sand and gravel at or near the outcrop areas (Farlekas, 1979, p. 22) . The upper aquifer is characterized by coarse-grained sediments and thin, localized clay beds (Zapecza, 1989, p. Bll) .
This unit can be mapped from the southeastern edge of the outcrop to the southeastern corner of the study area (pi. 6). The top of the aquifer is determined easily from geophysical and drillers' logs because the contact with the overlying Merchantville-Woodbury confining unit is sharp. Near Raritan Bay, the Magothy Formation also includes the Amboy Stoneware Clay Member and the Cliffwood and Morgan beds. However, these units have a low permeability and are mapped with the overlying Merchantville-Woodbury confining unit. In general, the surface of tpe upper aquifer strikes northeast-southwest and dips to the southeast at about 50 ft/mi. Structure contours of the top of the upper aquifer in RJaritan Bay are modified from E.P. Declercq (formerly with U.S. Geological Survey, written commun., 1987). I Plate 7 shows the thickness of the upper aquifer. The aquifer is greater than 100 ft thick in most areas and thickens to 236 ft (at well 25-501) downdip from the outcrop in the southeastern corner of the study area. In the southwestern part of the study area, near the outcrop of the Magothy Formation, the aquifer is less than 100 ft thick. The lower boundary of the aquifer is difficult to determine where the underlying confining unit is thin or sandy, as it is in the southwestern part of the study area. Where the confining unit is sandy, the upper aquifer may be hydraulically connected to the middle aquifer.
Merchantville-Woodburv Confining Unit
The Merchantville-Woodbury confining unit overlies the upper aquifer of the Potomac-Raritan-Magothy aquifer system. It is composed mainly of the Merchantville Formation and the Woodbury Clay (table 2) . This confining unit locally includes the Amboy Stoneware Clay Member and the discontinuous Cliffwood and Morgan beds of the Magothy Formation. The Cliffwood and Morgan beds are recognized locally in outcrop and in the subsurface of the Sandy Hook Bay area (Zapecza, 1989, p. B12) . These beds interfinger with and pinch out within the Merchantville Formation and the Woodbury Clay (Perry and others, 1975, fig. 11 ). Because these beds are part of the confining unit, the updip extent of the unit is the outcrop area of the Magothy Formation near Raritan Bay. These beds are not found to the southwest along the outcrop area; therefore, the updip extent of the confining unit coincides with the updip extent of the Merchantville Formation.
The thickness map shown on plate 8 and the hydrogeologic sections shown on plate 2 illustrate that this confining unit is the thickest and most extensive confining unit in the study area. It is effective as a confining layer between the upper aquifer of the Potomac-Raritan-Magothy aquifer system and the overlying Englishtown aquifer system (Zapecza, 1989, p. B12) . The thickness of the confining unit exceeds 200 ft throughout most of the study area and increases downdip to a known maximum of 369 ft in Highlands Borough (at well 25-119).
Overlying Units
The Englishtown aquifer system (table 1), which overlies the Merchantville-Woodbury confining unit, consists of the Englishtown Formation of Late Cretaceous age, and functions as a single aquifer throughout most of the northern Coastal Plain of New Jersey. In southeastern Monmouth County, however, two sand lithofacies are separated by a clayey-silt lithofacies. The aquifer system thickens from 40 ft near the outcrop to 140 ft near Red Bank in northern Monmouth County, where it still acts as a single waterbearing unit. The thickness increases to about 180 ft in southeastern Monmouth County, where the unit includes the clayey-silt lithofacies that separates the upper from the lower sand unit (Zapecza, 1989, p 
. B12-B13).
The MarshalItown-Wenonah confining unit (table 1), which overlies the Englishtown aquifer system, consists of the Marshalltown Formation and the fine-grained lower section of the Wenonah Formation. The Marshalltown Formation consists of 10 to 20 ft of glauconitic silt; the Wenonah Formation generally is a dark-gray, poorly sorted, micaceous, silty, fine quartz sand. The lower section also contains abundant glauconite (Zapecza, 1989 , p. B13-B14).
The Wenonah-Mount Laurel aquifer (table 1), which overlies the Marshalltown-Wenonah confining unit, consists of the coarse-grained upper part of the Wenonah Formation and the Mount Laurel Sand. The thickness of the aquifer ranges from 40 ft near the outcrop to approximately 100 ft near the shore (Zapecza, 1989, p. B14, pi. 17 ).
In the northern Coastal Plain of New Jersey, the composite confining unit that overlies the Wenonah-Mount Laurel aquifer consists of the Navesink Formation and, depending on the location, can include the Red Bank Sand, Tinton Sand, Hornerstown Sand, Vincentown Formation, Manasquan Formation, Shark River Formation, Piney Point Formation, and the basal clay of the Kirkwood Formation (table 1) . These units are predominantly low-to moderate-permeability silty and clayey glauconitic quartz sands. The permeable sands of the Red Bank Sand and Vincentown Formation are used locally for water supply. In the study area, the thickness of this confining unit increases rapidly from 50 ft at the outcrop to more than 450 ft near the shore (Zapecza, 1989 , p. B14-B15, pi. 18).
The Vincentown aquifer (table 1) is composed of the sandy part of the Vincentown Formation. These permeable sands are found in and near the outcrop and grade rapidly into finer-grained silt and clay downdip. The Vincentown aquifer ranges in thickness from approximately 50 ft in and near the outcrop area to greater than 100 ft downdip (Zapecza, 1989, p. B15-B16, pl. 19 ).
The Kirkwood-Cohansey aquifer system (table 1) is composed mainly of the Kirkwood Formation and Cohansey Sand. Near the coast, the Kirkwood Formation consists predominantly of clay beds and gravel. Updip from the coast in the subsurface, the unit is composed of fine to medium sand and silty sand; clay beds part of the formation. The Cohansey Sand is composed predominantly of light-colored quartz sand that contains minor to coarse-grained sand, silty and clayey sand, with interbedded zones of sand are found only in the basal amounts of pebbly sand, fineand interbedded clay. These sediments generally are coarser-grained than t:hose in the underlying Kirkwood Formation (Zapecza, 1989 , p. B19-B20}.
SUMMARY
The hydrogeologic units of the Potomac-Raritan-Magothy aquifer system in the northern Coastal Plain of New Jersey are described by means of a series of structure-contour and thickness maps of th£ aquifers and thickness maps of the confining units. The units mapped as £art of this study are, in ascending order--1. 2.
4.
Raritan
The middle aquifer of the Potomacthe confining unit overlying the middle Raritan-Magothy aquifer system, the upper aquifer of the Potomac-Rari the Merchantville-Woodbury confining -Magothy aquifer system, aquifer of the Potomactan-Magothy aquifer system, and unit.
Hydrogeologic sections that show the lateral extent and thickness of these hydrogeologic units are included.
These maps and sections show that the hyd Potomac-Raritan-Magothy aquifer system strike southwest and dip to the southeast. In general throughout the study area, although some rogeologic units of the approximately northeastthe units are continuous are noted. exceptions
The middle aquifer of the Potomac-Raritan-Magothy aquifer system is mappable throughout most of the study area. In the northern Coastal Plain of New Jersey, this unit is composed of the Farrington Sand Member of the Raritan Formation. It also includes younger surficial sand and gravel at or near the outcrop, and locally in Monmouth County it also can include the uppermost sands of the Potomac Group. The middle aquifer is characterized by fine to coarse sand with lignite and pyrite. In most places, the aquifer is less than 150 ft thick. South of the Raritan River, between Sayreville and South Amboy, the middle aquifer thins and is absent in some places, possibly because of post-depositional erosion or because of the presence of the Palisades diabase sill, which may have prevented deposition of the sediments of the middle aquifer in this area.
The confining unit overlying the middle aquifer is a relatively thick, effective confining unit of clay and silt throughout most of the study area. This unit is composed mainly of the Woodbridge Clay Member of the Raritan Formation. Locally, it also may include the clayey lithofacies of the overlying Sayreville Sand Member and the South Amboy Fire Clay Member of the Raritan Formation. Southeast of the outcrop area, the confining unit is greater than 100 ft thick in most places; in Holmdel Township, this unit thickens to 241 ft. In the southwestern part of the study area, however, it becomes thin or sandy, and the middle and upper aquifers may be hydraulically connected.
The upper aquifer of the Potomac-Raritan-Magothy aquifer system is mappable throughout the study area. Locally, this unit is composed of the Old Bridge Sand Member of the Magothy Formation and the Sayreville Sand Member of the Raritan Formation, where the South Amboy Fire Clay Member is thin or absent, and includes the overlying younger surficial sand and gravel at or near the outcrop areas. The upper aquifer is characterized by coarsegrained sediments and thin, localized clay beds. The thickness of this unit is greater than 100 ft in most places and increases to 236 ft in the southeastern corner of the study area. In the southwestern part of the study area, near the outcrop of the Magothy Formation, the aquifer is less than 100 ft thick. The surface of this unit is recognized easily by the sharp contact with the overlying Merchantville-Woodbury confining unit.
The Merchantville-Woodbury confining unit is a thick, effective confining unit that overlies the Potomac-Raritan-Magothy aquifer system. Near Raritan Bay, the confining unit includes the South Amboy Fire Clay Member and Cliffwood and Morgan beds of the Magothy Formation. The thickness of the confining unit exceeds 200 ft throughout most of the study area and increases downdip to a known maximum of 369 ft in Highlands Borough. Cone of depression. A depression produced in the water table or other potentiometrie surface by the withdrawal of water from an aquifer; it is shaped like an inverted cone with its apex at the area of greatest concentration of pumping. * Confining unit. A body of relatively impermeable material stratigraphically adjacent to one or more aquifers. The hydraulic conductivity may range from nearly zero to some value distinctly lower than that of the aquifer.
SELECTED REFERENCES
Saltwater intrusion. The movement of saltwater or brackish water into a freshwater aquifer induced by the lowering of the freshwater head to below sea level by pumping. .. 1 D -drillers' log E -electric log J -gamma-ray log
